Hongze Lake is the first natural sink for transferring drinking water along the east route of the South-to-North Water Diversion Project in China. Thus, the assessment of health risk associated with sediment and soil in Hongze Lake is of vital importance in terms of protecting public health. This study surveyed the distribution of sixteen polycyclic aromatic hydrocarbons in different types of bank soils and sediments at the estuary area of Hongze Lake. The total concentrations of PAHs range between 562.4 and 1585.8 ng/g, and 3-and 4-ring PAHs are the majority in all samples, accounting for 78.2% to 92.3% of the total PAHs. Source analysis was conducted, and the results showed that PAHs in the estuary area mainly come from the burning of fossil fuels, leakage of oil products, low temperature combustion, biomass fuel, and transportation. The risk assessment of the study area showed that the K values of all the points were between 0.1~3, indicating that there was a low ecological risk. This study indicates that further policies for controlling pollution sources of PAHs are needed for reducing health risks associated with fresh water in Hongze Lake.
The land use patterns of the Hongze Lake estuary area have changed in the past decades. Culture ponds and farmland area showed an increasing trend while open water area and the community of arbor and shrub plants showed a decreasing trend. Ten sampling points were set up in this study to include a variety of different land use patterns. As shown in Figure 1 , there were five soil points with different utilization patterns, including S1' (Culture Pond), S2' (Farmland), S3' (Reed Field), S4' (Poplar Forest), and S5' (Withy Grove). Five sediment samples were set up for the corresponding river courses with serial numbers of S1, S2, S3, S4, and S5 respectively. Ten samples were collected for each sample point, and the distance between each sample was about 20 m. The samples were collected in April and August 2016. All samples were collected using a columnar sediment sampler (model AMS Layered Sludge and Sediment Sampling Kit) with a depth of 0-20 cm. The sediment and soil samples were freeze-dried using a freeze dryer and impurities were removed. Then, samples were grinded using agate mortar and passed through a 100-mesh sieve and stored in ziplocked bag at −20 °C until analysis for PAHs. The samples were collected in April and August 2016. All samples were collected using a columnar sediment sampler (model AMS Layered Sludge and Sediment Sampling Kit) with a depth of 0-20 cm. The sediment and soil samples were freeze-dried using a freeze dryer and impurities were removed. Then, samples were grinded using agate mortar and passed through a 100-mesh sieve and stored in ziplocked bag at −20 • C until analysis for PAHs.
PAHs Extraction and Analyses
Five (5.00) g of freeze-dried, homogenized sample was weighted and ultrasonically extracted three times using a mixture of acetone/methylene (1:1, v/v). The extraction liquid was centrifuged with 5 mL acetone/dichloromethane (1:1, v/v). The extracts were concentrated to 1 mL using a rotary evaporator at 40 • C and solvent-exchanged with 4 mL of n-hexane. The concentrated extract was passed through a silica gel glass column with 2 cm anhydrous sodium sulfate on the top for cleanup and fractionation. Elution was performed with 25 mL hexane and 25 mL hexane/dichloromethane (3:2, v/v). The eluting solutions containing PAHs were concentrated to near dryness with a rotary evaporator at 40 • C, transferred with 5 mL methylene chloride, concentrated with purified nitrogen steam to near dryness, constant-volumed with 2 mL acetonitrile, and preserved at −18 • C.
All pretreated samples were analyzed for 16 PAHs using Agilent 1200 high-performance liquid chromatography (HPLC). The qualitative and quantitative analysis of PAHs was determined using a diode-array detector (DAD) connected with a fluorescence detector (FLD). The reversed-phase chromatographic column used was Spelcosil LC-PAHs (3.0 mm × 250 mm, particle size: 5 µm, Supelco, Bellefonte, PA, USA). The column temperature was programmed at 30 • C, the pump flow rate was 0.75 mL/min, and the standard injection was performed with an injection volume of 20 µL. Gradient elution conditions: 0-15 min with 60% acetonitrile and 40% pure water, 15-30 min with 60-100% acetonitrile, 30-40 min with 100% acetonitrile, 40-40.1 min with 60-100% acetonitrile, the time was 48 min. The DAD detector wavelength was set to 254 nm, and the FLD detector excitation and emission wavelength conditions are shown in Appendix B.
Quality control included three parallel samples in precision monitoring for every sample, a blank control in each experiment, and 20% of the samples being randomly selected for repetitive tests. Spiked samples with surrogate standards were used to monitor procedural performance. The experimental results showed that the recoveries of 16 PAHs using HPLC-DAD/FLD are 76-108%. The detection limit of this method is 0.09-3.52 ng/g. Reported concentrations were corrected according to the recoveries of the surrogate standards.
Data Statistical Analysis
Statistical analyses of the results were performed using Microsoft Excel and SPSS 20.0. Six molecular ratios of LMW/HMW (low molecular weight/high molecular weight), FIa/Pyr, Fla/(Fla + Pyr), Ant/(Ant + Phe), BaP/Pyr, and BaA/(BaA + Chr) were used to identify the possible PAH sources.
The SPSS 20.0 software was used to load and calculate the PAHs in the program editor. The concentrations of 13 PAHs measured in 16 PAHs were selected as the factor analysis variables. The distribution of each source was effectively determined using principal component analysis (PCA) by extracting the eigenvalues for dimensionality reduction.
Effects range low (ERL) values and effects range median (ERM) values which were established by 10% and 50% effective concentrations respectively were applied in this study [16] . In general, PAH concentrations lower than ERL are considered not to be harmful to organisms, while concentrations higher than ERM are considered to be harmful frequently [17] . The ecological risk of PAHs is evaluated whether the content of PAHs exceeds the ERL value by excessive coefficient K [10, 11] , which is calculated as follows:
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Results and Discussion
Presence of PAHs
Concentrations of PAHs in all 10 samples are shown in Appendix B. The ∑PAH in each sample varies between 562.4 and 1585.8 ng/g. Figure 2 shows the distribution of ∑PAH. Phe has the highest concentration while NaP, Acy, and InP are not detected. In the five soil samples, the total content of PAHs ranges from 651.0 to 1585.8 ng/g with an average value of 970.7 ng/g. The order of contents was Poplar forest (S4') > Culture Pond (S1') > Withy Grove (S5') > Farmland (S2') > Reed Land (S3'). In the five sediment samples, the total content of PAHs ranges from 562.4 to 1396.0 ng/g (average 930.7 ng / g), with the order of S3 > S1 > S2 > S4 > S5. In the five soil samples, the total content of PAHs ranges from 651.0 to 1585.8 ng/g with an average value of 970.7 ng/g. The order of contents was Poplar forest (S4') > Culture Pond (S1') > Withy Grove (S5') > Farmland (S2') > Reed Land (S3'). In the five sediment samples, the total content of PAHs ranges from 562.4 to 1396.0 ng/g (average 930.7 ng / g), with the order of S3 > S1 > S2 > S4 > S5.
Pollution levels of PAHs was previously classified into four groups: unpolluted (0-200 ng/g), low (200-600 ng/g), moderate (600-1000 ng/g), and high (greater than 1000 ng/g) [18] . As shown in Appendix B, in soil spots, Culture Pond(S1') and Poplar Forest (S4') were highly polluted. Other sites were moderately polluted. In sediment spots, S1 and S3 were highly polluted, S5 was low polluted, while other spots were moderately polluted.
Polycyclic aromatic hydrocarbons with 2-ring and 3-ring are low-molecular-weight (LMW) PAHs, and PAHs with a ring number of ≥ 4 are high-molecular-weight (HMW) PAHs. In the estuary of Hongze Lake, PAHs are dominated by 3 and 4 rings (Figure 3 ), accounting for 78.2% to 92.3% of the total PAHs at all points. It was reported that the concentration of PAHs in the mid-lower reaches of the Huai river was low and were dominated by LMW PAHs [2] . The estuary is the destination and accumulator for the migration and transformation of pollutants in the upper reaches of the river [6] . Therefore, the large accumulation of pollutants in the estuary and the transformation occurring during the migration may be the reason for the increase of pollutant concentration and the higher proportion of HMW PAHs. of the Huai river was low and were dominated by LMW PAHs [2] . The estuary is the destination and accumulator for the migration and transformation of pollutants in the upper reaches of the river [6] . Therefore, the large accumulation of pollutants in the estuary and the transformation occurring during the migration may be the reason for the increase of pollutant concentration and the higher proportion of HMW PAHs. The PAH pollution of river (water and sediment) and lake (sediment) involved in the east route of the South-to-North Water Transfer Project is shown in Table 1 . Due to the stability of PAHs, it is easier to deposit in sediment (Luoma lake). Studies on rivers such as the Yangtze River and the Yellow River have also shown that the pollution level of river sediment is generally higher than water. The data also showed that the concentration of PAHs becomes higher from the upstream to the middle and lower reaches. As the lower reaches of the Huai River Basin, Hongze Lake has a higher degree of PAH pollution. Among the four impounded lakes in the east route of the South-to-North Water Transfer Project, Hongze Lake has the highest degree of PAH pollution. Overall, there is a decreasing trend of PAHs from south to north. This may be related to the level of urban development. This also means that in the water transfer project, the supervision department should pay more attention to whether the pollution in the water source area has an impact on the water supply area. It is also necessary to consider whether water transfer affects the watershed ecology of other areas. The PAH pollution of river (water and sediment) and lake (sediment) involved in the east route of the South-to-North Water Transfer Project is shown in Table 1 . Due to the stability of PAHs, it is easier to deposit in sediment (Luoma lake). Studies on rivers such as the Yangtze River and the Yellow River have also shown that the pollution level of river sediment is generally higher than water. The data also showed that the concentration of PAHs becomes higher from the upstream to the middle and lower reaches. As the lower reaches of the Huai River Basin, Hongze Lake has a higher degree of PAH pollution. Among the four impounded lakes in the east route of the South-to-North Water Transfer Project, Hongze Lake has the highest degree of PAH pollution. Overall, there is a decreasing trend of PAHs from south to north. This may be related to the level of urban development. This also means that in the water transfer project, the supervision department should pay more attention to whether the pollution in the water source area has an impact on the water supply area. It is also necessary to consider whether water transfer affects the watershed ecology of other areas. 
Sources of PAHs
The distribution of PAHs in the environment is determined by their chemical structures, sources, and combustion temperature. Ratio analysis provides an effective tool to understand sources of PAHs. In general, LMW-PAHs are derived from the incomplete combustion and natural formation of petroleum products, fossil fuels, and biomass at low temperatures, whereas HMW-PAHs are formed mainly through the incomplete combustion of organic materials at high temperatures ( Table 2 ) [19] . The ratio of LMW and HMW could distinguish petrogenic and pyrogenic PAHs. Ant/(Phe + Ant), Fla/(Fla + Pyr), BaA/(BaA + Chr), BaP/Pyr have great range of stability, which could be used as indicators [20] . Ant/(Ant + Phe) < 0.10 is indicative of oil sources, while the ratio of Ant/(Ant + Phe) > 0.10 suggests coal and biomass sources of PAH contamination. Fla/(Fla + Pyr) < 0.4 implies an oil Environments 2019, 6, 92 6 of 12 origin, between 0.4 and 0.5 implies oil combustion, and >0.5 as combustion of coal and biomass. BaA/(BaA + Chr) < 0.20 is usually taken to indicate oil origins; the ratio >0.35 is probably attributable to combustion origins [21, 22] .
The results of the source ratio of PAHs in the 10 samples are shown in Figure 4 . All sampling sites showed a combustion source with LMW/HMW < 1 except S4'. Combined with a less than 1 Fla/Pyr ratio, it is believed that petroleum is the major source. Therefore, most sampling sites showed a mixed source of petroleum and combustion. According to the ratio of Ant/(Phe + Ant) and F1a/(F1a + Pyr), most of the sampling points were in the range of Ant/(Phe + Ant) > 0.1 and F1a/(F1a + Pyr) < 0.4. It showed the mixed source of oil and combustion. There was ratio of F1a/(F1a + Pyr) > 0.5 in S5' and S1' showing the combustion source of coal and biomass. S2, S2', and S5' showed a petroleum source. Combined with the BaP/Pyr ratio, all sampling points were in BaP/Pyr > 1, indicating that they were related to vehicle exhaust. The results of different ratio showed that the sources of PAHs in the estuary of Hongze Lake were similar. The main source was mixed oil and combustion, and all spots were related to a transportation source. Three sites were related to coal and biomass combustion.
The distribution of each source was also effectively determined by using the principal component analysis (PCA). In this study, two factors with eigenvalues >2 were extracted, and two principal components were extracted. The cumulative contribution rate was 69.12%. The principal components (PC1 and PC2) were identified and respectively accounted for 40.84% and 28.28% of the total variance. Characteristic compounds emitted from various sources are shown in Table 3 . PC1 had loaded for most PAHs with high-ring (BaA, BaP, BkF, Chr) and highly weighted by Ace which is considered to be derived from combustion of fossil fuel. PC2 had loaded for most PAHs with low-ring (Ant, Phe, Flu) which is considered to be an oil source (showed in Figure 5 ).
Source analysis was conducted, and the results showed that PAHs in the estuary area mainly come from the burning of fossil fuels, leakage of oil products, low temperature combustion, biomass fuel, and transportation. The main industry of the Hongze Lake is fishery. However, the source of PAHs in the region was oil and combustion. This is because Hongze Lake has brought together pollutants from the upper and middle reaches of the Huai river. The Huai river mainstream and Huainan area are areas of concentrated heavy chemical industry and the usage of crankcase oil in urban areas could produce PAHs [11] . Therefore, the PAHs in the upstream area are likely to migrate through the atmosphere, water, and soil, which will increase the PAHs in the soil and sediment of the estuary area of Hongze Lake and become the main sources. The distribution of each source was also effectively determined by using the principal component analysis (PCA). In this study, two factors with eigenvalues >2 were extracted, and two principal components were extracted. The cumulative contribution rate was 69.12%. The principal components (PC1 and PC2) were identified and respectively accounted for 40.84% and 28.28% of the total variance. Characteristic compounds emitted from various sources are shown in Table 3 . PC1 had loaded for most PAHs with high-ring (BaA, BaP, BkF, Chr) and highly weighted by Ace which is considered to be derived from combustion of fossil fuel. PC2 had loaded for most PAHs with lowring (Ant, Phe, Flu) which is considered to be an oil source. (showed in Figure 5 ) Source analysis was conducted, and the results showed that PAHs in the estuary area mainly come from the burning of fossil fuels, leakage of oil products, low temperature combustion, biomass fuel, and transportation. The main industry of the Hongze Lake is fishery. However, the source of PAHs in the region was oil and combustion. This is because Hongze Lake has brought together pollutants from the upper and middle reaches of the Huai river. The Huai river mainstream and Huainan area are areas of concentrated heavy chemical industry and the usage of crankcase oil in urban areas could produce PAHs [11] . Therefore, the PAHs in the upstream area are likely to migrate 
Risk Assessment
Effects range low (ERL) and effects range median (ERM) have been used to evaluate the ecological effects of PAHs in sediment [9] . Generally, if the concentration of PAHs in the environment is lower than ERL (4022 ng/g), the toxicity to organisms is considered to be low with a risk probability less than 10%. On the other hand, if the concentration of PAHs is higher than ERM (44,792 ng/g), the potential biological risk is high with a risk probability more than 50%. The risk probability is between 10% and 50% if the concentration of PAHs falls between the ERL and ERM.
Excessive coefficient K has been used to evaluate the risk probability by comparing the concentration of PAHs to ERL (Equation (1)) K [10, 11] . K < 0.1 is considered as no potential risk, 0.1 ≤ K < 3 as low potential risk, 3 ≤ K < 7 as moderate potential risk, 7 ≤ K ≤ 10 as high potential risk, and when K > 10 it is considered that there may be ecological risk.
The resulting K values of PAHs in all samples are shown in Table 4 . The K values of the sediment samples follow the order S4 > S1 > S5 > S2 > S3, whereas the soil samples follow the order of S3' > S1' > S2' > S4' > S5'. All samples have K values far less than 10 and should cause no serious ecological risk to the estuary of Hongze Lake. Most samples have a value of K in the range of 0.1-3, indicating a low potential ecological risk. The K values of Flu are the highest among all 16 PAHs in all samples, and the K value of four sampling points is higher than 3, indicating moderate potential risks. The K value for Flu, Phe, Ant, Fla, Pyr, BaA, and BbF indicates that there is a low potential ecological risk. A previous study showed there is no ecological risk in the upper reaches of the Huai River and Ace, Flu, Ant, and BaA may have a potential ecological risk [11] . In the middle reaches of the Huai River, NaP, Ace, Flu, Phe, Ant, Pyr, and BaA have middle level ecosystem risks [12] . The ecological risk in the middle Environments 2019, 6, 92 9 of 12 reaches of the Huai River is much higher than the upper reaches, mainly due to the high population in this area and the development of the chemical industry. PAHs which have low potential ecological risk in Hongze Lake are highly correlated with PAHs in the middle reaches of the Huai River. The risk reduction may be due to river flow and the self-purification capacity of the water body. 
Conclusions
This study has provided data on the distributions and sources of PAHs in soil and surface sediments in the estuary of Hongze Lake. The PAHs in this area are mainly derived from high temperature sources and petroleum sources, and some are derived from motor vehicles, industrial sources, and coal/biomass combustion. The ecological risk assessment shows that the K values of the PAHs at the points of soil and sediment in the estuary of Hongze Lake are between 0.1 and 3, which means a low potential ecological risk. The pollution and ecological risk of PAHs in the area are mainly due to the influence of industrial activities in the middle reaches of the Huai River. Environmental monitoring and the management department need to focus on this problem. Through the analysis of the sources of PAHs, the upstream source needs to be controlled to reduce the accumulation of PAHs in the ecological environment and to reduce the harm to aquatic organisms and human health. The local government could cooperate with the government departments in the upper reaches of the region to carry out basin management. In the east route of the South-to-North Water Diversion Project, it is also necessary to strengthen the supervision of the river basin, ensure water quality, and reduce the impact on aquatic organisms and ecological environment in the water supply area. Appendix C Table A3 . The contents of 16 kinds of PAHs in the estuary of Hongze Lake (ng/g).
Appendix A
PAHs
Sampling Points Culture Pond (S1') 
Culture
